We proposed that NCS is biosynthesized in a similar apo-protein that has been proposed to dually stabilize fashion as C-1027 on the basis that NCS and C-1027 and transport the bioactive chromophore.
identification of the NCS biosynthetic gene cluster from S. carzinostaticus ATCC15944, the sequence of the complete NCS gene cluster, determination of the cluster boundaries, and functional assignments of the gene products. On the basis of these results, we propose a convergent model for NCS chromophore biosynthesis from the deoxy aminosugar, naphthoic acid, and enediyne core building blocks. The NCS cluster is characterized with two distinct type I PKSs, NcsE for the enediyne core and NcsB for the naphthoic acid moiety, and a deoxysugar biosynthetic pathway most likely starting from dNDP-D-mannose. These findings further support the iterative type I PKS paradigm for enediyne core biosynthesis [15-19], unveil a novel mechanism for microbial polycyclic aromatic polyketide biosynthesis by an iterative type I PKS [19, 20] . However, the two loci do not overlap. Since genes biosynthetic pathways of these unusual sugars have for antibiotic production are known to cluster in one been extensively investigated. The first committed step region of the chromosome in Streptomyces, we set out of the biosynthesis of all deoxyhexoses is through the to first determine if the putative NGDH locus was reintermediate dNDP-4-keto-6-deoxyhexose, a reaction quired for NCS biosynthesis by gene disruption. Surcatalyzed by an NAD + -dependent oxidoreductase from prisingly, inactivation of the NGDH gene has no effect the precursor dNDP-D-hexose (most commonly dNDPon NCS production, excluding its involvement in NCS D-glucose, and hence the name of NGDH derived from biosynthesis ( Figure S1C ). dNDP-D-glucose 4,6-dehydratase) [21] . We have preWe next turned our attention to the ncsA locus. Since viously taken advantage of the highly conserved nature it was proposed that ncsA should reside within the NCS of NGDHs and used degenerate primers [22] to amplify gene cluster, a 7.5 kb BglII fragment containing ncsA the NGDH gene sgcA by PCR from S. globisporus, and was cloned from pBS5004. DNA sequence analysis of this locus was used as a starting point for chromothis fragment revealed six complete ORFs (including somal walking leading to the eventual localization of ncsA) and one incomplete ORF. Remarkably, the four the entire C-1027 biosynthetic gene cluster [15, 23] .
ORFs encode a dNDP-D-mannose synthase (NcsC), NCS contains a similar 6-deoxyhexose to C-1027, and dNDP-hexose 4,6-dehydratase (NcsC1, a second disas a result, we adopted the same strategy to identify tinct NGDH gene in this organism), N-methyltransferase the ncs gene cluster. A distinct product with the pre-(NcsC5), and glycosyltransferase (NcsC6). These are dicted size of 550 bp was amplified by PCR and conthe enzymes that would be predicted to be essential for firmed to be a putative NGDH gene, serving as the first biosynthesis of the deoxy aminosugar moiety of NCS probe ( Figure S1A) . chromophore ( Figure 3A) , indicating that the NCS bioThe cloning of the genes necessary for C-1027 biosynthetic locus was identified. To ensure that we have synthesis revealed that cagA, encoding the C-1027 full coverage of the entire NCS gene cluster, additional apo-protein, was within the boundaries of the gene chromosomal walking from the left end of pBS5002 cluster [15] . Therefore, the gene for the NCS apo-pro-(probe 3) and the right end of pBS5004 (probe 4) was tein, ncsA, was used as the second probe. The primary carried out, leading to the eventual localization of a 130 sequence for ncsA has previously been established [rekb continuous DNA region covered by overlapping cosviewed in 11], and PCR with primers designed accordmids as exemplified by pBS5002, pBS5003, pBS5004, ing to the known sequence yielded a distinct product pBS5005, pBS5007, pBS5010, pBS5013, pBS5015, and with the predicted size of 590 bp. The PCR product was pBS5017 (Figure 2A ). cloned into pGEM-T to yield pBS5024, confirmed by DNA sequencing, and utilized as the second probe.
Sequencing and Organization The digoxigenin-(DIG)-labeled NGDH and ncsA of the ncs Gene Cluster probes were both used to screen approximately 4800
Three representative overlapping cosmids, pBS5002, pBS5004, and pBS5017 were selected for DNA seclones of the genomic library. While the NGDH probe Table 1. quencing by a shotgun method, revealing 68 ORFs (Figlactone biosynthesis enzyme, and the DncsR1 mutant strain SB5005 completely lost its ability to produce ure 2B). The overall GC content of the sequenced region was 68.88%, slightly lower than the characteristic NCS, confirming that ncsR1 is essential for NCS production ( Figure 4E , lane 3 versus lane 1). These results, w75% for Streptomyces DNA [22] . The sequence was analyzed by comparison to database sequences, and together with the functional assignment of NCS gene products based on primary sequence analysis (Table  functional assignments Four genes, ncsB, ncsB1, ncsB2, and ncsB3 were iden-S1A). The latter not only explains our inability to amplify NcsC1 by the PCR method using primers designed actified whose deduced functions (Table 1) would support intramolecular aldol condensation to furnish the naphedge to extend this emerging paradigm from monocylic to include polycyclic aromatic compounds. This has inthoic acid structure. Subsequent hydroxylation at C-7 followed by O-methylation affords the fully modified deed been confirmed recently by Sohng and coworkers who isolated 2-hydroxy-5-methyl-1-naphthoic acid, the naphthoic acid moiety, and NcsB3, a homolog of the P-450 family of hydroxylases, and NcsB1, a member predicted product of NcsB, upon expression of ncsB in two Streptomyces hosts [20] . of the AdoMet-dependent methyltransferase family of enzymes, serve as candidates for these two steps (Figure 3B) . It remains to be established if the free naphBiosynthesis of the Enediyne Core At least fourteen genes, ncsE to ncsE11 and ncsF1 to thoic acid or the naphthoyl-S-NcsB is the preferred substrate for NcsB3 and NcsB1. Should the latter be ncsF2, could be identified within the ncs cluster, the deduced functions of which would support their roles the case, ncsB2, located just upstream of ncsB, encodes a putative CoA ligase, serves as a candidate to in the NCS enediyne core biosynthesis as outlined in Figure 3C . The enediyne core was previously predicted catalyze the attachment of naphthoyl moiety from naphthoyl-S-NcsB to the enediyne core ( Figure 3C) F1 and F2 (Figure 3C ). example of an iterative type I PKS for the biosynthesis of an aromatic polyketide, and is the first to our knowlTo confirm the essential role of NcsE in NCS biosyn- The PCR product was directly cloned into pGEM-T to yield in Table S1 . Biochemicals, chemicals, media, restriction enzymes, pBS5026. After sequencing to confirm PCR fidelity, a 0.96 kb and other molecular biology reagents were from standard commerBamHI-EcoRI fragment was recovered from pBS5026 and cloned cial sources.
into the same site of pOJ260 to afford the gene disruption construct pBS5022 ( Figure 4C ). DNA Isolation, Manipulation, and Sequencing pBS5021 or pBS5022 was transformed into S. carzinostaticus DNA isolation and manipulation in E. coli [30] and Streptomyces ATCC15944 by PEG-mediated protoplast transformation, and colo- [31] were carried out according to standard methods. For Southern nies that were apramycin resistant were identified as gene disrupanalysis, DIG labeling of DNA probes, hybridization, and detection tion mutant strains. Thus, introduction of pBS5021 or pBS5022 rewere performed according to the protocols provided by the manusulted in the isolation of the SB5004 (Dorf6) or SB5005 (DncsR1) facturer (Roche Applied Science, Indianapolis, IN). PCR amplificamutant strains, respectively, in which orf6 or ncsR1 has been distions were carried out on a GeneAmp 2400 thermocycler (Perkinrupted by the insertion of the pOJ260 vector into the middle of the Elmer/ABI, Foster City, CA) using either Vent DNA polymerase (New reading frame (Figures 4A and 4C) . The genotype of SB5004 and England Biolabs, Beverly, MA) or TaKaRa LA-Taq DNA polymerase SB5005 was confirmed by Southern analysis (Figures 4B and 4D ). (Takara Mirus Bio Inc., Madison, WI). For NGDH, the following pair The SB5004 and SB5005 strains were then similarly cultured and of degenerate primers was used: 5#-CS GGS GSS GCS GGS TTC analyzed for NCS production by bioassay with the ATCC15944 ATC GG-3# (forward) and 5#-GG GWR CTG GYR SGG SCC GTA wild-type strain as a control (Figure 4E ). GTT G-3# (reverse) (R, A+G; S, C+G; W, A+T; Y, C+T) and for ncsA, To inactivate ncsE, an 11 kb NdeI fragment (nucleotide no. the following pair of primers was used: 5#-G CTT CGG GCG CTT 51659-62998) that contained the entire ncsE gene, was cloned from CTC TCA G-3# (forward) and 5#-GCG GAG CGG ATC CTC CGA TCpBS5017 into the same sites of pGEM-5Zf to yield pBS5018. A 3.4 3# (reverse). Primer synthesis and DNA sequencing were performed kb SpeI-NheI fragment and a 4.4 kb MluI-BglII fragment were isoat the Biotechnology Center, University of Wisconsin-Madison. lated from pBS5018, and coligated with the 1.8 kb NheI-MluI fragment that contains the erythromycin resistance gene, ermE [31] .
Genomic Library Construction and Screening
The product was digested with XbaI and BamHI and ligated into A genomic library of S. carzinostaticus ATCC15944 was conthe similar sites of pOJ260 to yield pBS5019, in which a 1.2 kb structed in pOJ446 according to standard protocols [31] . E. coli internal NheI-MluI fragment of ncsE encoding the AT (partial), ACP XL1-Blue MRF# and Gigapack III XL packaging extract (Stratagene, (intact), and KR (partial) domains was replaced by ermE ( Figure 6A ). La Jolla, CA) were used for library construction according to manupBS5019 was introduced into S. carzinostaticus ATCC 15944 by facturers' instructions. The genomic library (4800 colonies) was PEG-mediated protoplast transformation. Colonies that were aprascreened by colony hybridization with the PCR-amplified NGDH or mycin sensitive and erythromycin resistant were identified as S. ncsA fragment as a probe, respectively, and the resultant positive carzinostaticus SB5002 mutant strain, whose genotype was further clones were further confirmed by Southern hybridization.
confirmed by Southern analysis ( Figure 6B ). To make an ncsE expression construct, a 450 bp EcoRI-BamHI fragment that harbored Gene Inactivation and Complementation the ErmE* promoter from pWHM79 [32] and an 8.9 kb BglII-SpeI We have recently found that S. carzinostaticus ATCC15944 confragment that contained the intact ncsE gene as well as its uptains three copies of the NCS biosynthetic gene cluster that are stream ncsE5 and downstream ncsE10 genes from pBS5017 were cloned into the EcoRI-XbaI sites of pBS3031 [33] to yield pBS5020. identical within the sequenced 92 kb DNA region (K.N., J.Z., and similarly investigated (Figure S1 ).
